A B S T R A C T Secretion of intrinsic factor (IF) has
previously been demonstrated in isolated rabbit fundic mucosa maintained in organ culture. We have now investigated the possibility that cyclic nucleotides may play a role in IF secretion. A phosphodiesterase inhibitor, 3 -isobutyl methylxanthine (IBMX), stimulated IF secretion nearly fourfold while increasing tissue levels of both cyclic AMP (cAMP) and cyclic GMP (cGMP). Peak IF secretion in response to IBMX was not reached until after tissue cAMP levels were maximal. Dibutyryl cAMP and 8-Br-cAMP increased secretion by the same order of magnitude as did IBMX, whereas corresponding analogues of cGMP had no such effect. Histamine increased secretion of IF. In the presence of 40 ,uM IBMX, histamine elevated tissue levels of cAMP, but not of cGMP, and the stimulating effect of 10 ,tM histamine on IF secretion was potentiated. An H2 receptor antagonist, ciimetidine, blocked the increases in IF secretion and tissue cAMP levels due to histamine, and the increase in IF secretion due to IBMX. These observations are consistent with a role for cAMP in the secretion of IF by isolated gastric mucosa.
INTRODUCTION
Since Kimberg's comprehensive review (1) appeared in 1974, the results of numerous investigations have argued for (2) (3) (4) (5) (6) (7) and against (8, 9) an important role for cyclic nucleotides in mammalian gastric secretion. These investigations have been concerned with hydrochloric acid secretion (6, 8) and with adenylate cyclase activity and levels of adenosine 3,5'-cyclic AMP (cAMP)l in gastric mucosa (2) (3) (4) (5) (7) (8) (9) . We are unaware of studies on the possible relationships between cyclic nucleotides and gastric secretion of macromolecules.
Mucosal organ culture has shown promise as a means of investigating gastrointestinal mucosal function in vitro (10) . Reports from this laboratory have described organ culture of gastric mucosa (11) , de novo production, and steady-state secretion of pepsinogen and intrinsic factor (IF) by biopsies of rabbit fundic mucosa maintained in organ culture for 24 h (11, 12) , and blockade of histamine-stimulated secretion of IF by cimetidine (13) . In the rabbit, as in man, IF appears to be secreted by the parietal cell (14) . We have now used organ culture of rabbit gastric mucosa to examine whether cyclic nucleotides play a role in IF secretion.
METHODS
Organ culture technique. The mucosal organ culture technique (15) , adapted for rabbit gastric fundus, has been described in detail (11) . White New Zealand rabbits weighing 2-5 kg were fasted overnight. Stomachs of ether-anesthetized animals were rapidly excised, the mucosa was washed with cold 0.15 M NaCl, and fundic mucosal biopsies were obtained with a suction biopsy tube. Biopsies were mounted on steel grids, mucosal surfaces up, and placed in contact with culture medium in organ culture dishes. For cyclic nucleotide determinations two biopsies were mounted on each grid. The culture medium was Trowell's medium T8 plus 10% fetal calf serum, 100 U/ml of penicillin, and 100 jig/ml of streptomycin.
Biopsies were cultured for 3 h over this control medium for stabilization, and then transferred to fresh control medium or experimental medium for periods that never exceeded 4.5 h. Experimental and control biopsies from the same rabbit were compared in each experiment.
In vitro effects of humoral agents on cyclic GMP (cGMP) levels are often very early and short-lived (16) (17) (18) . To measure levels of cyclic nucleotides at very short incubation periods (1-2 min), we modified the culture technique. After the 3-h stabilization, grids were transferred to medium continuously equilibrated, before and after transfer, with 95% 02-5% CO2 at 37°C. For precise timing only two dishes were handled at a time.
IF assay. IF secretion was determined as described (13), using 57Co-labeled cyanocobalamin (57Co-CNCbl). After an excess of 57Co-CNCbl of known specific activity was added to the sample, it was exhaustively dialyzed against 0.15 M NaCl. After culture, 92-96% of the total 57Co-CNCbl-binding capacity of the medium was blocked by anti-IF antibody in serum from a single pernicious anemia patient. Results were expressed as picograms cyanocobalamin bound per milligram biopsy protein.
In each experiment the amount of 57Co-CNCbl bound by fresh medium was determined and subtracted from values for media over which biopsies were cultured. Protein present in the culture medium never bound more than half the amount of57Co-CNCbl bound by media obtained after incubation with control tissues. Binding by fresh medium was not inhibited by anti-IF antibody.
Assay for cyclic nucleotides. After incubation biopsies were immediately frozen in liquid nitrogen and homogenized within 1 h in 2 ml of trichloroacetic acid (6%). Homogenates were centrifuged at 27,750 g for 20 min at 4°C. Pellets were digested in 1 N NaOH for 30 min at 80°C, and assayed for protein content (19) .
cAMP and cGMP in the supernate were separated by standard methods (20) . The supernate was applied to a column of dry neutral aluminum oxide (0.5 x 1 cm), which was then washed with 10 ml water. The cyclic nucleotides were eluted with 7.5 ml of 200 mM ammonium formate, pH 9, onto a Dovex-1-for-mate column, 0.5 x 2.0 cm (generated from Dowex-1-chloride and vashed with 20 ml of distilled water). The column was washed with another 10 ml of water. cAMP was eluted with 10 ml of 1 N formic acid and cGMP with 10 Effects of cyclic nucleotide analogues. We tested the effects of cAMP and cGMP and some of their derivatives on IF secretion. Neither cAMP nor eGMP at a concentration of 1 mM increased secretion. In contrast, dbcAMP at 50 ,uM and above uniformly elevated secretion (Fig. 3) . These effects were not due to butyric acid contamination, since 1 and 10 mM butyric acid had no effect on secretion. 8-Br-cAMP at concentrations of 0.1 and 1 mM increased secretion from 122+±20 to 374+40 and 775+124 pg U/mg protein, respectively.
Neither dbcGMP (5 mM) nor 8-Br-cGMP (1 mM) had any effect on secretion.
We measured the effect on tissue cGMP levels of dbcAMP, which can act as a phosphodiesterase inhibitor (24) . In the presence of 0.5 mM dbcAMP, which stimulated secretion, tissue cGMP levels increased from 0.06±0.005 pmol/mg protein to 0.16±0.025 pmol/ mg protein. effects of histamine on cyclic nucleotide levels. In a single preliminary experiment where biopsies were cultured for 30 min over media containing a high concentration (10 mnM) of histamine, Ino increase was detected in mean tissue levels of either cyclic nucleotide. Wre therefore examiiined the effects of histamine in the presence of IBMX. In each of four separate experiments, histamine at concentrations of 10 ,uM or greater uniformly increased mean tissue cAMP levels in the presence of 40 ,uM IBMX (Fig. 4) . Under the same conditions, 10 mXI histamine increased tissue cAMP levels from 13 .9±0.7 to 27.5+3.0 pmol/mg protein (n = 3; P < 0.01) in 15 min of incubation; by contrast, in two experiments there was no indication of an increase in cGMP levels due to histamine at 1, 2, or 15 min.
WVe determined the effects of 40 ,uM IBMX on histamine-stimulated secretioni of IF. It had previously been established that 0.1 mM histamine alone increased secretion over control levels by 158+±44 pg U/mg protein (five animals; six to eight biopsies per experimental group in each animal). Histamine at 10 ,SM caused a much smaller increase, only 34±+13 pg U/mg protein (three animals, three to five biopsies per group in each animal). In contrast, in the presence of 40 ,uM IBMX, 10 ,ulM histamiiine caused a mean increase in secretion, over and above that produced by IBMX alone, of 523±+ 129 pg U/mg protein in four animals (five biopsies per group in each animal). This increase was significantly greater than the mean increase not only for 10 ,utM histamine alone (P < 0.025), but also for 0.1 mM1 histamine alone (P < 0.025).
Effects of cimetidine. We measured effects of histamine on IF (Table II) . In the presence of cimetidine, IBMX still elicited a marked rise in mean tissue cAMP levels. We determined the effect of cimetidine on tissue cAMP levels in a total of six animals. In each experiment the mean cAMP concentration, based on [5] [6] [7] [8] [9] [10] [11] [12] biopsies, was lower in the presence than in the absence of cimetidine, regardless of whether histamine was present. In the first three experiments (Table I) cimetidine, even in the presence of 0.1 mM histamine, reduced cAMP levels below control values by 3.7± 1.2 pmol/mg protein. In the other three experiments (Table  II) , the mean tissue cAMP level was lower by 6.3+±3.0 pmol/mg protein in the presence of both cimetidine and IBMX than in the presence of IBMX alone.
DISCUSSION
This investigation provides several observations that are consistent with the involvement of cAMP in the secretion of intrinsic factor (IF) by isolated gastric mucosa. First, the phosphodiesterase inhibitor IBMX not only elevated mean tissue levels of both cAMP and cG-MP in cultured mucosal biopsies from the fundus of rabbit stomach, but also markedly stimulated IF secretion by these biopsies. In addition, peak mean tissue levels of both cyclic nucleotides developed in IBMX-treated biopsies before maximal rates of IF secretion were observed.
Although IBMX increased the mean levels of both cAMP and cGMP in cultured biopsies, only analogues of cAMP stimulated IF secretion. Addition of either dbcAMP or 8-Br-cAMP to the culture medium increased IF secretion to approximately the same extent as did IB.MX. In contrast, analogues of cGMP in concentrations as high as 1 mM had no detectable effect on IF secretion by cultured biopsies. Thus, the analogue experiments suggest that cAMP, rather than cGMP, might be involved in the stimulatory effect of IBMX on IF secretion.
Further evidence that cAMP may be involved in IF secretion is provided by our experiments with hista-mine and cimetidine. The present results confirm previous observations that histamine stimulates IF secretion in rabbit gastric mucosa (13) . In separate studies (27, 28) , we have also confirmed previous reports (25, 26) The present data suggest that cimetidine may in fact inhibit part of the rise in cAMP levels induced by IBMX. As has been noted above, in each of six independent experiments mean tissue cAMP levels were substantially lower in the presence of cimetidine and IBMX (in three cases, even with histamine present) than in the presence of IBMX alone. Since the standard errors of the means in such experiments are usually considerable, however, it is apparent that a large number of experiments would be required to demonstrate a statistically significant reduction of cAMP levels by cimetidine.
In any case, we would not anticipate that cimetidine would completely inhibit the IBMX-stimulated increase in mucosal cAMP levels, since the parietal cells, which are clearly responsive to histamine, constitute no more than half the fundic mucosal cell mass in those mammalian species where cell distributions have been investigated (30) . Of the remaining cell types, most have not been shown to be responsive to histamine and presumably would not be affected by cimetidine, on the basis of our present knowledge. IBMX would be expected to permit increased accumulation of cAMP in any of these cells that contained active adenylate cyclase-phosphodiesterase systems not dependent on histamine. Moreover, it is possible that part of the adenylate cyclase of parietal cells may also be active in the intact mucosa in the presence of cimetidine.
